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l, ABSTRACT

The Naval Proving Ground was directed by the Bureau of
Ordnance to prepare an interim anti-aircraft range table for
the 2975 gun-fired rocket T-131 from data obtained by firing
inert-loaded rounds designated T-132, This report contains a
description of the firing program and measurement methods,
together with a listing of firing data., It also contains a
description of the ballistic analysis of the firing data em-
ployed in preparation of the anti-aircraft range table, which
is included as an appendix.

Acceptable dispersion patterns were obtained for the
rounds tested. This, along with other phenomena, indicated
a consistency of performance that was exceptionally good
considering previous experiences with other lots of T-132
ammunition. Excellent Sperry Doppler Radio Chronograph
records were obtained, revealing spin and unexpected thrust
characteristics, It was established that burning in flight
is_very progressive and is inconsistent with the relatively
uniform burning observed in static tests.

In the analysis of firing data necessary to produce the
range table, unconventional procedures were used to determine
thrust acceleration as well as drag parameters., To allow for
the effects of yaw during burning, some rigid body trajec-
tories were integrated, subject to a rather comprehensive
aerodynamic force system. The derivation of deflection and
wind effects formulas used for the rangs table, exhibiting
the assumptions necessary to obtain them, are also included
in this report.

It is recommended that: (a) an appropriate drag function

be obtained for use in future ballistic programs involving

the T-132 rocket; (b) studies be undertaken to determine the
causes of the difference between the static burning rate and
the dynamic burning rate; (c¢; upon production of the service

mount, several be sent to the Naval Proving Ground for measure-

ment of jump at launch; and (d) in view of the difficulty
encountered in observing the inherently small splash on water
impact, live-loaded T-131 rounds or T-=132 rounds loaded with
spotting charges be used in future range table firings.
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2. FOREWORD

This is the final re,:-t on the preparation of an
Anti-Airoraft Range Table for the 2975 Rocket T-132. The
project was requested by references (a) and (b) and was
carried out under Task Assignments NPG-Re3d-417-2-53,
NPG-Re3d=-439-2-~53 and NPG-B-2d-439-2-54. The firings upon
which the range table was based were conducted in the
period from 22 January to 6 March 1953, The anti-aircraft
range table, which is included in this report as Appen-
dix (G), vas forwarded to the Bureau of Ordnance on 10 June
1953 by reference (c). Subsequently, air-to-air firing
tables were computed and transmitted to the Bureau of
Ordnance by reference (d).

Tt N ikt el [ AL (3 L e SN 5 | N TIRS s v S

Unconventional methods of ballistic analysis reported
herein were developed by a team consisting of C. J. Cohen,
We. E. Barnes, and H. M, Lieberstein,
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- The report in large part has been revised and sdited
by Co He Frick and J. E. Mulligan, It has been reviewed
Lfor technical accuracy by

We E. BARNES, Head, Ballistic and
Statistical Theory Branch
Theory and Analysis Division
Computation and Ballistics Department
Ce Jo COHEN, Chief, Theory and Analysis Division
Computation and Ballistics Department
We A, KEMPER, Chief, Ballistics Division
Computatior and Ballistiss Department
Re He LYDDANE, Assistant Director of Research
No As M, RIFFOLT, Director of Research
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3. ROD ON

The 29475 rocket T-132 is an inert-loaded practice
round for the 2975 HE rocket T-13l. The T-131 rocket is a
gun~fired, spin-stabilised rocket projectile designed for
air-to-air, ground-to-air, and ground-to-ground firings.
When ground fired, it has a maximum range of approximately
6000 yards, Both the T-131 and the T-132 rockets are fired
from the 2975 Antomatic Rocket Launcher T-110, The
launcher-missile system is capable of cyclic rates of
approximately 900 rounds per minute. With a propellant
temperature of 70°F, the mussle velocity is approximately
1200 feet per second and the rocket is accelerated to about
2700 feet per second during a burning period of approxi-
mately 0.6 second, The spin is imparted by rifling with
progressive twist in the launcher barrel and by the torque
component of the thrust resulting from the cant of the two
rocket motor nossles.

: The original projects for the design and development
of the ammunition and the associated launcher were carried
out by the Armour Research Foundation of the Illinois
Institute of Technology. These development projects for
the rocket and launcher are desoribed in references (e) and
(£), respectively. The development of the rocket propel-
lant now being used was undertaken by the Thiokol Corpora-
tion,.

During devslopment of the missile, preliminary flight
tests were conducted at Fort Sheridan, Illinois, and at
Aberdeen Proving Ground. The purpose of these tests was to
determine the feasibility of the various design proposals
with regard to the structural strength of the rocket, the
iaunching and ignition systems, and the propulsion charac-~
teristics. Provisional ballistic tables for aircraft
firings were computed by the Ballistic Research Labora-
tories, Aberdeen Proving Ground, in March 1949 and revised
in February 1952,
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The object of this project was to prepare an anti-
aircraft range table for the 275 rocket T-132 to be used
as an interim anti-aircraft range table for the 2975 rocket
T=131. Work done under the project included performing the
necessary firings, ballistic measurements, ballistic
analyses, and computations.

ke _DESCRIPTION OF MATERIAL

The 2975 rocket T-132 and the 275 HE rocket T-131 are
identical except that the T-131 round has a live-loaded
head and fuse whereas the T-132 round has an inert-loaded
head and a dummy fuse., Figure 1, Appendix (A), is a photo-
graph of a T-132 round with the cartridge case and igniter
tube removed; this particular round was from the ammunition
lot used for the range table firings, Table 1, Appen-

dix (B), contains representative physical data on the
rounds fired. '

The ammunition components of the rounds used for the
range table firings are identified below:

Desig- Lot Drawing
nation No, No,
Assemdbled Ammunition T-132 PA-E=11499 P-8206-8B
Cartridge Case 111 23D-1-200
Head, Inert Loaded PA-E-11107 P-81909B
PA=E-100173
Igniter T=-25 PA=E-=11226 P-82070
Fuse, Dummy M50B1 None 72=5=4
Rocket Propellant
(see reference (g)) T=10El Mix H-1050 loaded
by Thiokol Corpo-
ration
Launcher Propelling
Charge T=302 PA-E=T715 P-82071
Gas Seal 2 23D-1-201
CONFIDENTIAL 2
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The cartridge case and gas seal were manufactured by Reo
Motors; the head, igniter, fuze, and launcher propelling i
charge were manufactured by Picatinny Arsenal. The rocket )
propellant was manufactured by Thiokol Corporation. The A
components listed above were manufactured in 1952 and were :
assembled by Picatinny Arsenal in Decembor 1952, !
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5. DESCRIPTION OF TEST EQUIPMENT

8 Launcher and Mounts

All rounds in the range table program were fired singly
fiom a 2975 Automatic Rocket Launcher T-110-E2B. Although
this is an aircraft type launcher, it was used because the
anti-aircraft launcher type T-110-E2C was unavailable at the
Naval Proving Ground at the time of the range table firings.
The two launcher types have identical recoilless barrels.,
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The firings were conducted in two phases. The firings
of the first phase were conducted at a low elevation angle
to establish the trajectory parameters during burning; the
firings of the second phase were conducted at higher angles
to obtain data at longer times of flight. For the first
phase, the launcher was installed on a rigid, box type mount.
A fixed angle of elevation was obtained by means of wedge-
shaped mounting shims. The second phase ‘of the firings was
conducted with the launcher installed on a modified L~inch
gun mount as shown in Figure 2, Appendix A., The launcher
could be trained and elevated by means of the handwheels;
because of the backlash in the gear trains and the non-
rigidity of the mount, however, it was not possible to assure
a fixed launching angle during firings. (This did not hinder
the determination of drag parameters, since data on distance
versus time rather than distance versus launcher angle were
employed.) It should be noted in Figure 2 that the launcher
bore axis is above the trunnion axis of the mount, thus
creating a source of positive vertical Jjump; such jJjump wae
observed in the second phase of the firings.

s -
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The firing current for all rounds was supplied by a 16
microfarad condenser charged to 250 volts. The pressure
bleed-off system for automatic cycling of the launcher loading

sprocket was connected in such a manner that rapid fire service
conditions were approximated. The launcher was loaded, how-

ever, with only one round at a timej therefore, no work was

CONFIDENTIAL 3
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done by the launcher eprocket other than in ejecting the

case of the round fired. While no direct measurements of
the effects of this loading difference have been made, it
is believed that the effect on the initial conditions of

the rocket flight is insignificant,

b, Ballistic Instrumentation

The following items of equipment were used for ballistic
measurements (see Figure 3, Appendix A, for a schematic layout
of the cameras and the Sperry Radio Doppler Chronograph):

(1) A Sperry Radio Doppler Chronograph provided
measurements of velocity and slant range versus time on a
majority of the rounds fired. Velocity measurements were
obtained over intervals of approximately 75 feet in range
from about 0,05 second beyond the mussle to about 0.3 second
beyond burn-out (or about 1800 feet in range). The antenna
of the equipment was located as c¢lose as practicable to the
launcher in order to minimise the geometric errors incurred
in measurements of the rocket motion. A drum camera used
‘Wwith this instrument recorded the Doppler signal and also t
firing signal marking the initial current flow to the prope
ling charge igniter; this firing signal was used as a time
reference. A photocell sky screen was located on the line .
fire, approximately 100 feet down range from the musszle, in
order to detect the passage of the missile and to provide a
reference value of range.

(2) A 35mm Fastax camera equipped with a lens of 35mm
focal length and operated at a rate of approximately 3000
frames per second was located 12 feet down range and 50 feet

off range. It photographed the first 25 feet of rocket flight.

The optic axis of the camera was horigontal and perpendicular
to the line of fire., The actual frame rate of the camera was
determined by means of a thousand-cycle pulse recorded on the
edge of the film, Two reference targets in the field of view
of the camera and in the plane of fire served as a scale,

(3) A Bowen camera equipped with a lens of 12-inch focal

length and operated at a rate of 60 frames per second was
located 1100 feet down range and 850 feet off range from the
launcher, It was used during the first phese of the range
table firings to photograph the rocket flight at the end of
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burning. The camera was aimed so that its optic axis was at

a known elevation angle and perpendicular to the line of fire.
Reference targets erected in the field of view of the camera
defined the horisontal and served as references for measure-
ments of range.

PRNCES e e

(4) A 35mm Mitchell chronograph camera equipped with
a lens of 6-inch focal length and operated at a rate of 100
frames per second was located 1100 feet down range and 600
feet off range from the launcher, It was used during the
second phase of firings to photograph the rocket at the end
of burning. The camera was aimed perpendicularly to the line
of fire and was elevated to a known angle by means of a
gunner's quadrant,

(5) Three 35mm Mitchell chronograph cameras, one
equipped with a lens of 10-inch focal length and two with
lenses of 6-inch focal length, were operated at a rate of
100 frames per second. The camera with the 1O-inch focal
length lens was located 200 feet off range and 50 feet
behind the launcher, and the two cameras with 6-inch focal
length lenses were located at down range stations. All
three cameras photographed the impact splashes; in addition,
the camera with '1l0-inch focal length lens photographed a
reference target in the field of view,

-

-

{6) A Bowen camera equipped with a lens of 12-inch
focal length and opurated at a rate of 90 frames per second
was located at a down range station., It was used to photo--
graph the impact splashes and a referencs target. The camera
was used at a different location in the sacond phase of the
firings.

PPN, -/ VR, b, e oS
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(7) An Askania cine-theodolite equipped with a lens
of 60cm focal length and operated at a rate of four pictures
per second was locatad at a down range station. It was used
in conjunction with the above cameras to determine the impact
locations,

L

P

(8) Associated equipment, including radio and electronic
equipment and lamps for registering master timing impulses on
the Mitchell and Bowen camera film, was used. The timing and
firing signals were recorded on an oscillogram, thereby making
it possible to reference the camera time measurements to the
origin of the trajectory.
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(9) A modified Gunner's Quadrant Mk 3 was used %o
measure the angle of elevation of the launcher barrel. This
modified quadrant has two parallel cylinders, each about
eight inches long and approximately three-quarters of an
inch in diameter, attached to the base to ensure a more
accurate fit of the quadrant on a cylindrical barrel.

(10) An optical boresight tool from an Aircraft Machine
Gun Boresight Kit Mk 1 was used to determine the line of
fire. A 29475 bore adapter, manufactured by the Naval Gun
Factory (plece sketches 507398-A-4, 230083-1, and 230083-2)
permits the use of this boresight tool with the 2975 Auto-
matic Rocket Launchers T-110-E2B and T-110-E2C.

(11) A test stand of special design was constructed for
use in local static firing tests of two rounds. The rocket
was wounted verticallr downward in the test stand and the
thrust was directed against a strain geruge plate. In order
to mount the rocket in the test stand, the nose fuse was
replaced by a cylindrical adapter about six inches long zand
one inch in diameter. The adapter was fitted into a sup-
porting block which permitted movement in the vertical direc-
tion only. Rotation about the long axis of the rocket was
restrained by an arm welded perpendicularly to the adapter;
the arm bore against a second strain gauge plate, theredy
providing a measure of the rocket motor torgue,

6. FIRING AND MEASUREMENTS PROCEDURE
a. Description of Firjngs
(1) Range Table Firings

Ninety-eight rounds from a single ammunition lot
were fired to obtain the information needed for the prepa-
ration of the range table, Data on the number of rounds
fired at each angle of elevation and propellant temperature
arv contained in Table 2, Appendix B, In addition, five
rounds were fired to obtain information on the jump of the
launcher and two rounds were fired for the determination of
spin.
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The firings were conducted at three rocket
propellant temperatures: 30, 70, and 110°F. The rounds
were conditioned at the desired temperature, with a toler-
ance of about 3°F, for at least 48 hours prior to firing.
S8ince only one round at a time was removed from the tem-
perature conditioning facilities, the time of exposure to
ambient temperatures was minimised and was generally less
than three minutes.

A wind measuring set was placed about 100 feet
down range and 20 feet off range from the mussle, and about
10 feet above the ground to record the direction and velo-
city of the surface wind during burning of the rocket. 1In
addition, the surface pressure and temperature (dry and wet
bulb), which are required for the determination of surface
density, were recorded every thirty minutes. Measurements
of wind and density structures aloft were obtained hourly
from pilot balloon and radiosonde observations. No rounds
were fired when the surface winds weére in excess of 13 knots,

most rounds being fired with surface winds of less than 9
knots.

Individual values of rocket weiphts could not be
obtained directly since to do so would have required dis-
assembly of the rocket from the cartridge case. However,
each asscmbled round was weighed prior to firing and each
cartridge case with igniter tube was weighed after firing;

" +he difference between these two weights equaled the weight
of the unburnt rocket and the propelling charge. The weight
of the propelling charge (6-1/2 ounces) was included in infor-
mation supplied with the ammunition; subtracting this value
left the weight of the unburnt rocket, To obtain the weight
of the burnt rocket, the weigiit of the rocket propellant,
including the inhibitor, was obtained from information in

reference (h) and subtracted from the wéight of the unburnt
rocket .

During the first phase of the range table firings,
a launcher mount with a fixed angle of elevation was used,
The desired angle of elevation was set by means of the
gunnerts quadrant when the launcher was installed. During
the second phase of the range table firings, the angles of
elevation were set by means of the quadrant placed on the
launcher barrel just forward of the receiver. This procedure,
which could be used since the barrel is not tapered, minimised
the deflection of the barrel due to the weight of the quadrant.
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The angles were checked by a boresight and differential
leveling technique, in which the difference in heights
between two points on the boresight line, one at the muszsgle
and the other at a known distance from it, was used to com~
pute the angle of elevation. For both phases of the firings,
the bore axis was set in the horigontal direction by means

of the boresight tool and the 2%75 bore adapter.

The laumcher barrel was cleaned and lubricated
after each day's firing. It was the practice to fire a slug
round (T-217) prior to the range table firings each day in
order to clear the bore of lubricant and to approximate the
service condition of the barrel. The existence of an effect
on the musggle velocity of a round fired from an oiled barrel
was reported in reference (e).

The firings of the first phase were conducted
primarily to establish the trajectory characteristics and
parameters during burning and to obtain ranging data at a
short time of flight. A launcher elevation of 1°30' was
used for the firings. Since the musgle of the launcher was
approximately 24 feet above the impact point, a time of
flight of about four seconds was obtained. Eleven rounds
were fired at a propellant temperature of 70°F, ten rounds
at 30°F, and ten rounds at 110°F. Measurements of velocity
and slant range versus time during the burning period were
obtained by means of the Sperry Radio Doppler Chronograph.
The velocity of the rocket at the musgle was determined
photographically, as were the time and position of impact.
During this phase of the firings, measurements of trajectory
angle in the vertical plane at the end of burning were also
obtained photographically. The low angle of fire was par-~
ticularly convenient for these measurements,

The purpose of the second phase of the firings,
consisting of 67 rounds, was to obtain ranging data at times
of flight longer than those of the first phase, and to deter-
mine the free flight ballistic coefficient of the rocket.

The launcher elevations used were 1°30', 2°45', 5°30', and
10°00*; the times of flight corresponding to these launcher
elevations were approximately 4, 8, 12, and 16 seconds,
respectively.
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The propellant temperatures used were 30, 70, and 110°F;
however, a greater number of rounds were fired at 70°F
than at either of the other temperatures (see Table 2,
Appendix B). The types of data obtained in this phase of
the firings were the same as those obtained in the first
phase, except that measurements of rocket height rather
than of trajectory angle at the end of burning were
obtained.

(2) Launcher Jump Test

The ranges and times of flight to impact and
rocket heights measured at the end of burning during the
second phase of the firings, with the launcher installed
on the modified 4~inch gun mount, were greater than had
been expected, It was considered desirable to investigate
the posaibility of the existence of launcher jump since
tlie discrepancies could be explained if the effective
launcher angle, in the vertical plane, was approximately
one degree greater than that preset using the gunner's
quadrant. In this investigation it was necessary to deter-
mine the rocket coordinates and the direction of the rocket
velocity at the end of burning, and to determine whether
the magnitude and direction of the jump were consistent.

For this purpose two jump cards were erected on the line of
fire and perpendicular to it, in order to bracket the end

of burning., These jump cards, with the centers of the cards
about the same height as the launcher mussle, were located
850 feet and 1300 feet down range from the muvssle, Negative
launcher angles were selected prior to firing on the basis
of an estimated one degree ol jump, as indicated by the
results of the range table firings., Measurements were made
on five rounds, all of which were fired at a propellant
temperature of 70°F, Measurements of ihe surface wind at
the time of firing of each round were made i: order to cor-
rect the target impact coordinates to the standard condition
of no wind,

(3) Static Firing Test

Two rounds, which had been conditioned =2t a tempera-

ture of T70°F, were fired statically in a test stand in order

to provide measures of rocket thrust, torque, and impulse for
comparison with values computed with the use of the in-flight

accelerations derived from the velocity records. Both rounds
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contained propellant from Mix H-1050, but only one round was
from the range table ammunition lot. The outputs of the
strain gauges of the test stand, together with a timing sig-
nal, were recorded on an oscillogram. Ignition of the pro-
pellant grain was accomplished by directing an oxy-acetylene
torch into one of the nostzles, the seals of both nogsles
having been removed prior to firing,.

b. Reduction of Test Dats
(1) Mussle Velocity
Muggle velocities were determined for a total of

17 rounds by means of the Fastax camera installation de-
scribed above. Four of the rounds had propellant tempera-~

tures at 30°F, nine rounds at 70°F, and four rounds at 110°F,°

Although camera records for a considerably larger number of
rounds were available, muszszle velocities were calculated only
for the number of rounds needed to determine the burning
period parameters for the three temperatures., Individual
values of velocity are given in Table 3, Appendix B, It is
estimated that the computed velocities are accurate to within
two feet per second,

(2) Velocity and Slant Range During Burning

Measurements of radial velocity and slant range
versus time during burning and for a fraction of a second
after burning, were obtained from the Sperry Radio Doppler
Chronograph records, Individual values of maximum velocity
of the rounds used in the ballistic analysis and the corre-~
sponding times and slant ranges are contained in Table 4,
Appendix B.

(3) Trajectory Coordinates and Angle at Burnout

The ballistic analysis required that measurements
be made of the trajectory angle and trajectory drop at the
end of burning resulting from gravity, thrust, and aerody-
namic forces. Trajectory angle measurements were made only
on the firings conducted at an elevation angle of 1°30' by
means of a Bowen camera., Measurements were made on four
rounds fired with propellant temperatures at 70°F, three
rounds at 30°F, and three rounds at 110°F. The individual
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values of trajectory angle computed from these measurements
are given in Table 5, Appendix B. It is estimated that the
angles obtained are accurate to within 0.5 minute.

For firings at elevation angles greater than 1°30°%,
the height of the rocket near burnout was obtained from
photographs taken by a Mitchell camera.

(4) Range and Deflection

The ranges and deflections of the rockets at impact
were computed using information from the photographs of the
impacts. The individual values of the uncorrected ranges and
deflections used for the range table computations are listed
in Table 6, Appendix B, It is estimated that these values
are accurate to within two yards.

(5) Time of Flight

: Mecasurements of times of flight were obtained from
the records of the chronograph cameras which photographed the
impact splashes and the oscillograph which recorded the
firing signals and the radio-transmitted timing signals. The
individual values of the uncorrected times of flight used for
the range table computations are also listed in Table 6,
Appendix B, It 1s estimated that these values are accurate
to within 0.0l second.

(6) sSpin

A knowledge of the spin during burning was required
for the integration of rigid-body trajectories, At the muszzle,
the spin is determined from the known twist of the rifling and
the muzgzle velocity, zero slippage being assumed. Extensive
firings to measure the apin of the rocket during burning were
found unnecessary since two independent measurements of the
spin were readily available from the records of instruments
used for other measurements during the tests,

One source of measurement of spin was the oscillo-
gram of the drum camera used with the Sperry Radio Doppler
Chronograph, on which was recorded the Doppler signal, The
amplitude of the Doppler signal was observed to be modulated
both during and after burning without discontinuity. The
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frequency of this modulation was approximately twice the
expected frequency of the rocket rotation. Since the wave
length (2.4 inches) of the radiation is comparable with the
diameter of the rocket base (2.75 inches), and since this
radiation is largely plane polariged, the refiectivity of
the rocket base is changed as that diameter of the base
containing the two nogsles is rotated with respect to the
plane of polarisation. The rotation of the rocket about its
longitudinal axis is, therefore, considered to be the cause
of the observed modulation of the amplitude of the Doppler
signal, In addition to the modulation as a result of the
spin described above, a second amplitude modulation of the
Doppler signal was observed which had a frequency in close
agreement with the theoretical frequency of nutation of the
rocket,

The cther source of measurement of spin was the
£ilm records of the Bowen and Mitchell cameras which photo-
graphed the rocket trajectory near the end of burning.

Since the vertical width of the trail of propellant gases

is also modulated as a result of the rotation of the diameter
containing the two nossles, the distance traveled between
alternate maxima of the trail width corresponds to one revo-
lution of the rocket. This distance was obtained from com-
parator measurements on the film and converted to travel in
feest.

The two methods described above gave results which
were in excellent agreement. Figure 4, Appendix B, is a
print of portione of the test records showing the modulation
of the amplitude of the Doppler signal and the modulation of
the width of the propellant gas trail.

7. BALLISTIC ANALYSIS
Introduction

The basic trajectories for the T-132 rocket were computed
using a mathematical model in which perfect trailing is
assumed., The methods used in obtaining parameters for this
mathematical model, making allowances for deviations from
perfect trailing, and determining the effects of wind are the
principal subjects of this section. Various unconventional
techniques of ballistic analysis employed in this work require
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detailed discussion. A more concise summary of numerical
results can be found in section 8., A retrospective dis-
cussion of these techniques and the conclusions reached are
contained in section 9, Discussion and Conclusions. Organi-
gation of the Ballistic Analysis Section is as follows:

a. The Perfect Trailing Model

b. Thrust Parameters and Mogzzle Velocity
El Description of Thrust Parameters
2 Method of Optimizging Thrust Parameters

(3 Musggle Velocity and Treatment of Non-Standard
Propellant Temperatures

Ce Drag Paremeters

B e e

(1) After Burning

(2) During Burning S
d. Motion During Burning with Yaw
(1) The Yawing Model of Motion
(2) Thrust as a Function of Time ;
(3) Deflection of Velocity Vector at End of Burning K
e, Range Table Formulas with Allowances for Yawing Motion
(1) Allowances for Yaw with No Wind
(a) Drift
(b) Effect of Yaw on Range and Altitude "
(2) Effects of Range Wind |
(a) Effect on Range and Altitude L
(b) Effect on Deflection i
(3) Effects of Cross Wind »

(a) Effect on Deflection \1

(b) Effect on Range and Altitude i
(4) Range Table Allowance for Non-Uniform Wind !

o Dispersion

E
e Jump "
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8 The Perfect Trailing Model

The idealigation in the perfect trailing mathematical
model of motion is the assumption that there is no yaw and,
further, that the thrust, the aerodynamic force, and the
velocity relative to the air mass are aligned. Initial
alignment, i.,e., alignment at launch, is accomplished in
this model by supposing that the axis of the round and the
direction of application of the thrust are changed so as
to lie along the direction of the actual initial velocity
relative to the air mass rather than along the launcher line.

The general equations of motion for this model are:

(7.01) £ (5 - B)lE - w) +ad - agd
a

(7.02) §= (A )y - g+ agk- o
Va

(7.03) = (;‘: - Bk - wp) + & - oy
where

x is horisontal range (yds),

Wy is range wind (yds/sec),

ﬁ, is cross wind (yds/sec),

y is altitude (yds),

g is deflection (yds),

wg is cross wind (yds/sec),

4 1s acceleration (yds/secz) resulting from thrust,
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2D o3 e

Ve 18 velooity (yds/sec) of the rooket measured with
respect to the alr mass,

X, ¥, 8 are the components (yds/sec) of the velocity
of the rocket with respect to the ground,

P A S L

g is acceleration resulting from gravity (yds/sec?), 2

X, 7, % are the components (yds/sec?) of the acceleration 3 ?
of the rocket with respect tc the ground, and

s L. .
TR I - s — e
. o ta T e N I I I Y R -

Eg:.ﬂEhEﬂQﬁl’ in which pg 1s atmospheric density : f .
(1bs wt/ya-1n?), '

ey R
S

Kp(My) is the drag coefficient for the projectile type 6.1
expressed as a function of Mach number, Mg, measured with
respect to the air mass, and C is the ballistic coefficient
élbs/ini) with respeot to the drag function for projectile
YPO'G. [

Ly
-
oy

The terms containing ax, ay, and a, a-e Coriolis terms
and the a's are minus twice the  components of the earth's
angular velocity. The components depend on the latitude and
line of fire. Specifically,

ay = - 1.h58h(10-h)coa L cos LOF . :

& R

3

U T R T Y
. .

5. Bio , DR N 4, 20

S
LR

ay = - 1.4584(10%)sin L

ag = 1.4584(10"%)cos L sin LOF

%

These formulas give ay, a,, a; in radians/second. In them L
represents the latitude agd r%v represents the angle between
true north and the line of fire measured in a clockwise
direction,

N kY
BRI

The basic trajectories for range tables are integrated
under the conditions of no wind and no Coriolis force and with
atmospheric density and velocity of sound specified by arbi-
trary, so-called "standard" functions of altitude. The general
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equations then reduce to

L] A L]
(7.04) x= (-v- - B)x
[ od ‘ .
(7.05) y= (; -Bly-¢g
(7.06) Z=0
with o = pp ¢ 77, oy = 0. 7513(1hh)1ba/yd-in2, h = 0,0000947469
per yd, and the velocity of sound = 1120 Y1 - ay ft/sec,
Q= 0,0065 ( ) per ydo The representation of the density

~288  '39, 37

and—ielocity of sound specified above is the one which defines
what is known as the present Navy ballistic standard atmosphere.

be Thrust Parameters and Musgle Velocity
(1) Description of Thrust Parameters

A constant acceleration during burning was found to
be unrealistic. Doppler records established that the accelera-
tion versus time curve rises almost linearly with time to a
peak near burn-out, and then the acceleration decreases very
rapidly., The corresponding thrust was obtained from thess
records rather precisely as a function of time for use in evalu-
ating the effects of yaw during burning. The thrust data are
described below in section 7d(2). For the perfect trailing
model, however, an acceleration of the simple form,

A = Cqt + C, for t < ty
and
A =0 for t > tb

was chosen. The values of C3, Cy, and ty, were determined for
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each propellant temperature, 30, 70, and 110°F, so as to make
the calculated radial velocity and slant range at some selected
time, tc, beyond the end of burning, match the observed radial
velocity and slant range at t,, as determined from the Doppler
records, The time t, is measured from ignition. In the two
tables below are listed, for various propellant temperatures
and days of firing, the values at time t, of

R, mean slant range (ft),

o gy standard deviation of an individual measurement of
slant range (ft),

E, mean radial velocity (ft/seé), and

O'ﬁ. standard deviation of an individual measurement of
radial velocity (ft/sec).

Doppler Data at Time t,

Slant Range and Dispersion in Slant Range

Propellant Te
30°F Yic = ,80) T70°F t, = .88 110°F (tc = ,92)

Date of

“Fige R(£t) o RL(ft) R(£t) o LL(1'1;) R(rt) op(£t)
2-16-53 1842 39 1750 18
2-18-53 1812 23
2-19=-53 1819 18
Radial Velocity and Dispersion in Radial Velooity
Propellant Temperature
30°F (ty = .80) 70°F (t, = «88) 110°F (to, = .92)
D;::.“ i(rt/soe) o g(ft/veo) i(rt/no) ci(re/-eo) R.(!‘t/-oo) Gi(ft/no)
21853 2445 22 2638 12
2-18-58 2454 8
2-19-53 2371 26
CONFIDENTIAL 17

"
'

T e

B

TR RS

AR R AT,

R s e 2320 rtotirat
ey

A 3

- e e ©

[ Yon SN

g e

T e



NPG REPORT NO. 1351
CONFIDENTIAL NAVORD REPORT NO. 1340

[
s
¢
|
8

(2) Method of Optimising Thrust Parameters

The rounds fired at each propellant temperature
were grouped according to the day of firing (sams weather
conditions) and angle of elevation, and within one group a
first approximation to the linear acceleration was statis-
tically obtained. The intercept with the t axis of the
function C;t + Cp was obtained from this analysis and fixed.
It was necessary then to evaluate only C; \s8lope) and tye

For this purpose a grid of three values of C; and
three values of ty (bracketing first approximations) were
chosen. Trajectories (one for each round) using actual
atmospheric conditions and actual rocket weights were com-
puted for each combination of the parameters C;j, C;, and tye.
In these integrations the average initial velocity for all
rounds fired at the given propellant temperature, not the

- average initial velocity of the group, was used. Interpo-
lation produced, for each round, a locus of points, (tp, C,),
for which the calculated radial velocity was matched w?th %he

. radisl velocity observed with the Dopplcr equipment. Another
locus was obtained for which the calculated slant range was
matched with the Doppler observetion of slant range. Inter-
section of these loci produced the desired value of tp and
Cy for each round., For the analysis of a typical group of
rounds with a 70°F propellant temperature see Figure 5,
Appendix C.

A group to group dispersion of points (t,, C1)
occurred, presumably resulting from dispersion in ammunition
and errors in measurements., This dispersion pattern, for
70°F propellant temperature, is given in Figure 6, Appendix C.
The computed statistical range of the quantity t, was approxi-
mately that of the range of the time of peak velocity as read
from the Doppler data. Average values of ty and Cj were
chosen. The values of acceleration (yﬂ/seca) used were:

30°F propellant temperature, 4 = 3293t, 0 t £ 0.,6147

70°F propellant temperature, 4 = 2302t + 345.3,
0 ¢t £ 0,6037

2739t + 410.8,
t £ 0.5450

110°F propellant temperature, 4
0

h s

gt T e
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For the reciprocal of the bellistic coefficient a value of
1.94 was used during burning (see section 7c¢(2)). (A measure
of time of burning more generally used than the above opti-
mized values is time to maximum velocity, the observed values
of which are given in Table 4, Appendix B.)

The use of these acceleration parameters resulted
in computed trajectories having range and radial velocity
after burning, at the time, t,, from ignition, which agree
with the values observed. However, the parameters are not
realistic representations of accelerations and care must be
exercised in their use. In particular, trajectories were
integrated assuming the round leaves the muzzle at the time
of ignition. Actually there is an interval of approximately
0.013 second between the time of ignition and the instant the
round leaves the mussle. The effect, then, is the absorption
in the acceleration parameters of the delay between ignition
and ejection, In the consideration of air-to-air firings,
where the drag is significantly different from that at ground
level, the above acceleration parameters may prove inaccurate,
In fact, a redetermination of the acceleration parameters was
made for the later computation of the air-to-air trajectory
tables for the T-132 rocket,

(3) Mussle Velocity and Treatment of Non-Standard
Propellant Temperatures

The average of the observed muzzle velocities, ;6,
and the standard deviation of an individual measurement of
mugsle velocity, “%v,, are given for each propellant tempera-
ture in the following table:

Mugzle Velocity and Dispersion in Muggle Velocity

Propellant -—
Iemgerlgu;e Vo (yd/sec) Tvo(yd/sec)
30°F iil2 13,7
3 3
. 1188 8,7
70°F 3 3
110°F l—gﬂ 2.;&
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The preceding values of average muzgle velocities
were used in computing the required anti-aircraft range
table., The individual observed values are given in Table 3,
Appendix B,

The standard propellant temperature is 70°F. An
attempt was made to simplify the fire control problem by
treating non-standard propellant temperatures as perturba-
tions in the musgle velocity for the 70°F propellant. It
was felt at the outset of this experimental calculation that
such a procedure would be acceptable only if an increment in
muggle velocity of the same magnitude as required to pass
from 70°F propellant to 110°F propellant could be used to
pass from the T70°F propellant to the 30°F propellant. The
best such increment was Av, = * 71.6 ft/sec for +40°F
change in propellant temperature. This value was determined
by minimising the sums of the squares of the departures, € ,
of x and y (which were computed using the 70°F propellant
parameters except that v, was replaced by v, + Av ) from
the 30°F and the 110°F range table values (¢ £ ¢t 2 20 sec).
The resulting values of & are displayed below, € being
positive when the value based on v, + A4v, is in excess of
the 30 or 110°F range table value.

Propellant Temperature

(x) 0 (y) (x) — (y)
t e (x e\y g (x €
sec s (yds) dy
1 2203 2.3 -1‘006 - 1.3
2 18.3 2.6 - 508 - 1.0
3 15.3 2.9 0.7 - 0.5
4 13.5 3.1 3.9 - 04
5 12,5 33 57 - 042
6 11.6 305 702 - 002
7 11,1 366 8.3 0
8 10.6 3.6 9.3 0.1
9 10,0 3.8 10,2 0.3
10 9.6 3.8 11.0 Oel
11 9.3 40 11.5 0.5
12 9.1 LeO 12,1 0.6
13 8.8 hel 12,5 0.8
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Propellant Temperature (Continued

JO0°F 110°F

: t € (x) 8(?3 &(x) e(y)

{ (sec) (yds) ds ds ds
14 8.6 Lel 13.0 0.9
: 15 805 h'l IBOL 100
] 16 8.3 Lol 13,8 1.1
17 8,2 bel 14.0 l.3

; 18 8.0 ko2 1444 1.3

19 7.9 he2 14.7 1.5

k 20 79 he2 14,9 1.6

Weighting the & 's for the first six seconds in
time of flight twenty to one over the €'s for times of flight
of seven to twenty seconds produced a value of Av, = + 78,1
ft/sec for +40°F change in propellant temperature. The errors
obtained using this value of Av, are tabulated below.

Propellant Temperature

o T, T T T
P "
R—
. .

NP YT

! (x) 2 T’B ( )Ailo.F €2
P t € (X E\y E(x Ely
P sec (yds) ds (yds) (yds)
i 1 20.4 2,2 =12.7 - 1.2
R ] 2 14.7 263 - 262 - o7
“i' 3 10.6 205 5oh - ol
" 4 8.1 2,6 9.3 0.1
: 5 6.8 247 11.4 Ouly
-f 6 5.7 2.8 13.1 0.5
4 7 be9 2.9 1.5 0.7
N 8 hoB 209 1506 008
9 3.6 3.0 16,6 1.1l
10 3.1 3.0 1765 1,2
11 2,6 3.1 18,2 1.4
12 2.3 3.1 18.9 1.5
13 1.9 342 19.4 1.7
14 1.7 3.1 19.9 1.9
15 1.4 3.1 20.5 2,0
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Propellant Temperature (Continued
30°F *);;;O‘F )

t e(x) e(y) E(x e(y
(sec) (yds) (yds) (yds (yds)
16 1.2 3,0 20,9 2.2
17 1.1 3.1 21.2 2.3
18 8 3.1 21.6 245
19 b 3.1 22,0 2.6
20 5 3,0 22,3 2.8

In view of the large size of these errors, it was considered
advisable to produce separate range tables for the 30 and
110°F propellant temperatures,

Ce Drag Parameters
(1) After Burning

A ballistic coefficient, C, relative to the drag
function Gg¢ 3 was computed for the after burning period using
the‘formulation for a ballistic coefficient for closest
approach as given in reference (i), paragraph 9(a). The
value obtained was

Y-%-2.33

However, the pattern of discrepancies between the calculated
range to impact time using Y = 2,33 and the observed range
to impact time (as obtained by the Askania cine-theodolites,
Bowen camera, Mitchell cameras, etc., and for non-standard
atmospheric conditions and variations in the weights of the
rounds before burning) was unacceptably large; the values are
tabulated below,

Estimated per cent change in
€ ballistic coefficient necessary

t
9 (gecz (xds) to _match observed ranges

1°30° 4.0 53 Te6
2451 Te5 33 2,6
5°30° 11.3 - 82 - 4.8
10°00° 15.4,  -226 -10.3
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In the preceding table
e =R - R(2.33),

R = average observed range corrected for non-standard
atmospheric conditions and variations in
weight, and

R(2.33) = calculated range, using vy = 2.33 and
¢ = angle of elevation of launcher,

The last column of the preceding table indicates
a definite monotonic variation of ballistic coefficient with
time of flight, While such a wide range of variation had
not previously been observed, variation of ballistic coeffi- .
cient with time of flight for other missiles has led to the
development at the Naval Proving Ground of methcds for
resolving this type of difficulty. Specifically, where i is
the form factor, mg is weight in pounds, and d is diameter
in inches, the retardation function, E (see section 7a), can
be written as

(7.07) g = PKp(M) _ pavEp(M) _
c

a2
pv — (iKp(M))

132
Ordirarily, the form factor is a multiplicative constant, the
purpose of which is to generate the drag coefficient of a
specific projectile from the drag coefficient for a projectile
type. However, the above tabulation demonstrates that iKp(M),
where Kp(M) is the drag coefficient for projectile type 6.1
and 1 is a constant, is not a sufficiently accurate approxi-
mation to the drag coefficient for the T-132 rocket.

A least squares iterative technique has been
developed at the Naval Proving Ground for obtaining a form
factor which is a polynomial in Hach number squared; this
technique was used to resolve the above difficulty encountered
in estimating the drag. A considerable amount of computation
is required to optimize each parameter of a polynomial form
factor and, because of time limitations, it was decided to use
a form factor which was linear in Mach number squared. Where
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M is Mach number, this form factor gives

J L
Y C MR
the polynomial form
Y= ao-+31M2

A value of Y was sought which would minimige the squares of
the percentage errors in slant range. The longest time of
flight for which observations had been taken, 15.4 seconds,
is well outside the tactical range. Moreover, the accuracy
of measurements at this condition (based only on fragmentary
radar data) was questionable, so it was not known how much
welght this condition should be given in the determination
of y « Thus, for purposes of an exploratory investigation,
two y's were obtained:

(2) using observations of slant range at times of
4.0, 7.5, and 11.3 seconds, and

(b) using observations of slant range at times of
h.O, 705' 1103’ and-lS.h seconds.

These are referred to as Y(3) and Y(L), respectively,
Discrepancies associated with each are listed below:

v 3) = 3,025 - 0.233M2 v(4) o 3,196 - 0.28142

t _= t _= o (4
(sec) s-R'Rﬁf(s) sec S-R'RY( :

I;.O -7 yd - l.O%C) L.O "15 yd (“ 201%0)

7¢5 25 yd ( 2,0%C) 7.5 30 yd ( 2,5%C)
11.3 -15 yd (~ 0.9%C) 11.3 9 yd ( o.s%c;
15.4 -69 yd (- 3.2%C) 15.4 -25 yd (- 1.1%C

(Numbers in parenthese indicate discrepancies in units of
per cent change in ballistic coefficient,)

While the use of Y(B) may be acceptable within the
tactical range, the resulting error at t = 15.4 seconds is

quite large. The use of Y(h), on the other hand, sacrifices
too much in the tactical range in order to obtain a small
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srror at t = 15,4 seconds, For these reasons, a compromise
2
was made; the discrepancies tabulated below resulted.

v = 3,11 - 0.257M°

‘!t!E) E = E - R Y
4O <10 yd (- 1.4%C)
7.5 29 yd ( 2.3%C)

11.3 -2 yd (- 0.,1%C)

15.4 -45 yd (- 2.1%C)

This value of vy appears nearly as good as Y(B) tn the
tactical range and is considerably better than )for use
in extrapolations to longer times of flight. This is the

value of vy used in the after-bu-~ning portion of each trajec-

tory in the range table computations,

- The above ~optimization was carried out for the
standard propellant temperature of 70°F, A study of non-
standard propellant temperatures, 30 and 110°F, indicates
that the optimum constant ballistic coefficient varied mono-
tonically with propellant temperature (at least for the two

times of flight at which data are available). The residuals,

using Y defined as a linear function of M2, also varied
monotonically with propellant temperature but in reverse
order from the variation for a constant Y for temperatures

of 30 and 70°F, The residuals for both values of Y are
shown below.

e =% - R 53 e =X - Ry 1y_.26m8
t
(e00)  30°F T0°F 110°F so°r 70°¢ 110°F
40 61y 63 yd 64 yd 9 yd <10 yd -16
(7.5%) (1.6%) (9.1%C) (1.3%) (-1.4ﬂb) (-2-1ﬂb)
7.5 27yd 33 yd 52 yd 40 yd 29 yd 22 yd

(2-256) (2.6%c) (4.2%) (3.2%c) (2.3%) (-I-B%C)
Since after burning, drag is not expected to vary with pro-

pellant temperature, the variation noted here is attributed
to difficulties in obtaining the correct drag.
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(2) During Burning

The use of a Yy , during burning, which is a linear
function of Hz, would be an unnecessary complication. Over
a short period of time a small error in drag has a very small
effect on the trajectory. Moreover, the 1.2 of a constant
value for simplifies the optimization ot the acceleration
parameters zsee section 7b(2)§. In addition, the thrust data,
which were required before a lincar form factor could be de-
termined, were not available. On the other hand, vy = 2,3%,
the best constant after burning, is not the value best suited
for use during burning since it is based on the mass of the
rocket after burning., It was sufficient, however, to adjust
the value of 2,33 for the differenie in the average of the
mass before and after burning. This gave a value of vy = 1,94
for use during burning.

d. Motion During Burning with Yaw
(1) The Yawing Model of Motion

The perfect trailing mathematical model of motion
as given in section 7a, using the parameters as described in
sections 7b and 7c, provided the basic trajectories needed
for the anti-aircraft range table. However, that model does
not adequately represent some of the aspects of the physical
motion, In particular, since thrust is directed along the
rocket axis, an accurate model for the burning period must
take full account of the angular mction of the rocket axis.
A mathematical model which takes into account such phenomena
is called a yawing model of motion. In such a model, a system
of differential equations in the translational and angular
coordinates of the rocket is integrated. The equations used
in this work take account of an aerodynamic force and moment
system dependent on yaw, and also take account of thrust as
a realistic function of time. The solutions of these equa-
tions of motion with yaw are referred to as rigid body trajec-
tories, as opposed to particle trajectories. The rigid body
trajectories integrated in this investigation were all termi-
nated at the end of burning since yaw after burn-out is of
less consequence. However, the effect of yawing motion during
burning on the remaining portion of the trajectory was computed
by formulas, described in section 7e, which use the differences,
given in section 7d(3), between the direction of the velonciiy
vector at burn-out in rigid body trajectories and the direction
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of the velocity vector in perfect trailing trajectories.

The effect of yaw after burn-out on deflection, out of the
plane of the trajectory, was calculated for the range table
by the yaw of repose theory, as discussed in section 7e(l).

In the rigid body equations of motion, account was
taken of the following forces:

(a) thrust as a realistic function of time,
(v) axial drag,
(¢c) aerodynamic normal force, and
(d) gravity;
and of the following torques:

(a) axial torque resulting from the canted nossles
of the rocket motor,

(b) aerodynamic overturning torque,
(¢) aerocdynamic spin damping torque, and
(d) aerodynamic and jet cross-spin damping torques,

The equations are fcrmulated so as t¢ allow for variation
dur ‘ng burning of:

(a) mass,
(b) center of gravity, and
(¢) tranave- e moment of inertia.
The axial moment of 1. -tia is treated as constant.

It will be noted that the Magnus force and the
Magnus torque were neglected, indication being that large
yaws are not involved in actual flight. Crcss-spin damping
is included in the tcrque equaticns though its associated
fcrece, cress-spin ferce, was reglected in the force equa-
tions, Tip-off effects due to transverse ccmpcnents of
gravity and wind during the time in which cnly part cof the
rccket is free of the launcher were neglected,
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Other than these exceptions, the equations used
were essentially those developed at the Naval Ordnance Test
Station and presented in reference (j). A list of the equa-
tions and further information about the symbols, coordinate
system, and parameters used will be found in Tables 7, 8,
and 9 and Figure 7, Appendix D. Any assumptions not speci-
fically discussed above will be apparent upon consulting
Tables 7 and 9.

(2) Thrust as a Function of Time

The process of determining the rigid body motion
required some searching for proper parameters. In particular,
the deflection of the velocity vector during burning due to
cross wind proved to be sensitive to the form of the thrust
curve, The deflections were examined for a constant thrust,

T = 418,76 1bs, and for a linear thrust, T = 733t + 198,86
lvs. The linear thrust was chosen s¢ that the impulse re-
sulting therefrom would match exactly the total impulse
derived from the constant thrust and also so that the acceler-
ations resulting therefrom would approximately match those
determined from the Doppler data. However, ths results
obtained when using the two sets of thrust data were appre-
ciably different (see Figure 8, Appendix E). This indicated
the desirability of a more refined determination of the actual
dynamic thrust.

Data from the Sperry Radic Doppler Chronograph were
found to be adequate for this purpose. Data from four rounds
(70°F propellant temperature) fired on 16 February 1953 appeared
at first to vary radically (see Figure 9, Appendix E). However,
when normalized, i.e., when velocities for each round were
divided by the maximum velocity, and when times were divided
by the time at maximum velocity, data for the four rounds
matched quite well (see Figure 10, Appendix E). These normal-
igsed velocities were averaged and the original velocity and
time units were restored by multiplying the normaliged
data by the average maximum velocity and the average time at
maximum velocity.

Two basic formulas

(7.08) T =m({v + E(m)v + g sin o]
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and
(7.09) D= - (1/vg)T

(where dots indicate differentiation with respect to time)
give the differential equation

Vs Vs °

where

m, = mass before burning, and

Vg * 8as velocity.
It is to be noted that moE(mo) = mE(m) because mE(m)v = aero-

dynan&c drag, which is independent of m. In fact, mE(m)
= pd<vKp, using the notation of section 7(a) and using d

for the diameter of the rocket,

The solution of equation (7.10) is

(v-v,+rlsing)/v

(7.11) m=e(v_v°+:(°ﬁw)/vg (- SEmde © R at)/vg)
where

T = the dynamic thrust (the function being sought),

v = velocity of the average round after the averaging

procedure discussed above,
t = time measured from ignition,
v = acceleration obtained by a five point formula fror.

Doppler velocity data,

E(m) = E determined for mass m,

g =~ acceleration of gravity at Dahlgren (32,154 ft/secz),

and

® = angle of elevation.
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Upon substituting after-burning conditions in
equation (7.11), v, was determined by successive approxi-
mations where a fi%st approximation, ¥,, was available
from an approximate solution of equatign (7.09). This
approximation 1is

B2 (g - v)
VR =

Mo = Mp

where m;, is mass after burning, v, and vy, are velocity before
and after burning, respectively. Knowing v_, m versus time
was then computed using equation (7.11), an§ T versus time
was computed from equation (7.08). A fit was applied to T
using an eighth degree polynomial in time. The available
rigid body coding for the electronic calculators restricted
the degree to eight, though the accuracy could be slightly
improved by a higher degree fit. Comparisons of the constant,
linear, and dynamic thrusts used are given in Figure 11,
Appendix E. Comparisors of the difference in cross wind
effect using these thrust data are given in Figure 8, Appen-
dix E, though final values of wind effects were computed
using a more accuratq_(larger) value of spin than was avail-
able in the earlier work. A graph of mass versus time is
presented in Figure 12, Appendix E. Static thrust, including
data obtained from the Thiokol Corporation, reference (h),
are presented for comparison purposes in Figure 13, Appen-
dix E, Impulse from the static thrust was 263 lb-sec and
impulse from the dynamic thrust was 260 lb-sec, though times
of burning were considerably different.

It is believed that the equations used above account
for all variables which could appreciably influence the thrust
determination. In particular, variation of ballistic coeffi-
cient with mass is accounted for and the effect of gravity is
included. However, an average value of the term g sin ¢ was
used in analyzing the data on the four pertinent rounds, and
the bailistic coefficient was assumed to be constant with
respect to velceity, i.e., a form factor depending on Mach
number was not used., For times of flight greater than 0.58
second, the remaining thrust is extremely small. In the pro-
cess of curve fitting, the portion of the *hrust curve beyond

t = 0,58 second was determined and the fitted value of thrust
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up to t = 0,58 second was scaled up to giie® a total impulse
equal to the observed impulse. The dynamic thrust curve
was taken to be this scaled value up to t = 0,58 second,
and as zero beyond t = 0.58 second. Rigid body trajectory
integrations were then continued with zero thrust from t

= 0,58 second to the range table time of burning for the
70°F propellant temperature, that is to 0.,6037 second.

Determination of mass of the rocket at the muzzle
was not considered to be worth the effort required. The
thrust used in the computations is based upon the assumption
that no mass is expended in the barrel; the consequent error
in impulse has been estimated to be less than 0.3%. The
rigid body solutions are not sensitive to such a small error
of this type, and in any case the thrust is believed to be
much more accurate than many of the other rigid body para-
meters used in the calculations. The dynamic thrust must
be used and interpreted in the same manner as the acceler-~
ation parameters (see section 7b(2)) in that the times are
interpreted as times from ignition, while for the purpose
of computation, it is assumed that the rocket leaves the
muzgzle of the launcher when time equals gero.

The rigid body parameters in Table 9, Appendix D,
are those used with the dynamic thrust.

(3) Deflection of Velocity Vector at End of Burning

As indicated in section 7d(l), rigid body trajec-
tories were integrated to take proper account of the angular
motion of the rocket axis during burning and, in particular,
to obtain corrections at the end of burning to the direction
cf motion as computed from the perfect trailing model. The
corrections were obtained at the cost of only two rigid body
integrations., This will now be explained,

First, it is noted that if there were no launching
disturbance (and therefore no jump) and if there were no com-
ponents of wind and gravity normal to the launcher line, there
would be no initial yaw, no initial yaw rate, and no forces
or torques to produce yaw, The yawing and perfect trailing
models of motion would then be identical. For present purposes
jump is assumed to be zero, the prcblem of correcting for Jump
being discussed later in section 7g. In this section, it is

4
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assumed that corrections to the direction of motion at the 3
end of burning, in the perfect trailing model of motion, are :
needed only as a result of (1) the normal component (g cos @) -
of gravity and (2) the normal components (w, sin @ and w,) *
of wind., The direction angles to be corree%ed are the ‘
inclination . ¢

- -1 (¥
Ob — tan (-sx-)b

P .

of the tangent at the end of burning, and the lateral deflec-
tion, (i/vsb, of the tangent at the end of burning.

If a function F cos @, wy sin 9, and wg be
represented by a truncates Taylor series, one has approximately

(7.12) Fylz sin 9 = wy sin 0 = w; = 0) + (a—g—c-b——)g cos o

B L T VI LA

] F
+ (20 )y gin @ + (B)w,
9wy sin @ ow,

Here the various derivatives are evaluated for g cos ¢ = wy
sin ¢= w, = 0, and any dependence on g sin® and w, cos @ is
neglected. There is a similar equation for Fy,Pr where Tr
stands for the trailing model of motion. Inserting g/v in
the parentheses of equation (7.12) and the corresponding
trailing equation and repeating with ¢ inserted in the oy
parentheses, one has !

B S e, S 2 st mmmm e < oy
3

2 z
3(;)b 3(;)b

dg cos @ Og cos @

(s)b - (s)b.Tr = )rplg cos o ?J

z z
=)y 3=y

dw, sin @ dw, sin m)Tr]'k sin @

0Dy o,

+ == -(a:z drplw,
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36p 90y
(7.13) 8y - eb,'l‘r = [m - (m—;),rr]g cos @

90y 30y
3 wy sino 3 w, sin w)‘l‘r]wx sin?

96, CLXS

P

The six bracketed expressions in equations 7.1l3 are not all
different since, as will be shown below,

i i
20 3 () g 200 . (3
dw, sinog T8 wg 9 wg dvwy sin o
Uiing these relationships and defining
L LI S
1 gcosy 'Ogecos o'Tr8
sk, o
Cy = -[—L2 - (—XD) ]
9wy dwg Tr
a6 b 76
- [5":: sino ~ (3 W, sin w)Tr]
c [ a(t)b ( a(e)b )] 9 (s)b
b dvy sin ¢ dwy sin ¢ Tr dwy sin ©

90 p 90 p 90y
MR A
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and using the fact that

36y - ( 96y, )
8 cos o O cos @ Tr

is negligible (see equation (7.17) and section 7e(l)(d)),
it is possible to write equations (7.13) in the form

(;)b - (';.>b.'rr = €1 cos - Cywy sin ¢ - Caw,
(7.14) By - Bp,1r = Cawy 8in @ - Cyw,

The validity of z
96 3(=)y

—. = X"
- dwy 8in @ dw,
can be seen by observing that both

a0, 3(E)b
a(- w, sin ) and au,

are the derivatives with respect to a normal component of
wind, of the angle through which the tangent to the trajec-
tory is deflected in the direction of the normal component
of wind. Similarly,

z
a=)
8Gh b
w, a'x ain o

are both the derivatives of the anpgle through which the
tangent to the trajectory is deflected in the direction of
the vector product of the launcher line vector times the

wind vector., To evaluate the C's, one rigid body trajectory

CONFIDENTIAL 34

- .
He.ra s aena N el Lharns

BeneerA s, YA

e

Ake

- L
L et il Fingi et whoe i OB 1w s
BN

-

P TIP B  PNIEETLCRG SRS

) Lo~ N

*,
<1
slu‘

B



NPG REPORT NO. 1351
CONFIDENTIAL NAVORD REPORT NO. 1340

was integrated with gravity and no wind for ¢ = 0, and
another was integrated with cross wind (w,5 = 4O knots) and
no gravity for ¢ = O, The corres